There has been much recent interest in the origin of silicic magmas at spreading centres away from any possible influence of continental crust. Here we present major and trace element data for 29 glasses (and 55 whole-rocks) sampled from a 40 km segment of the South East Rift in the Manus Basin that span the full compositional continuum from basalt to rhyolite (50-75 wt % SiO 2 ). The glass data are accompanied by Sr-Nd-Pb, O and U-Th-Ra isotope data for selected samples. These overlap the ranges for published data from this part of the Manus Basin. Limited increases in Cl/K ratios with increasing SiO 2 , La-SiO 2 and Yb-SiO 2 relationships, and the oxygen isotope data rule out models in which the more silicic lavas result from partial melting of altered oceanic crust or altered oceanic gabbros. Rather, the data form a coherent array that is suggestive of closed-system fractional crystallization and this is well simulated by MELTS models run at 0Á2 GPa and QFM (quartz-fayalite-magnetite buffer) with 1 wt % H 2 O, using a parental magma chosen from the basaltic glasses. Although some assimilation of altered oceanic crust or gabbro cannot be completely ruled out, there is no evidence that this plays an important role in the origin of the silicic lavas. The U-series disequilibria are dominated by 238 U and 226 Ra excesses that limit the timescale of differentiation to less than a few millennia. Overall, the data point to rapid evolution in relatively small magma lenses located near the base of thick oceanic crust; we speculate that this was coupled with relatively low rates of basaltic recharge. A similar model may be applicable to the generation of silicic magmas elsewhere in the ocean basins.
INTRODUCTION
The origin of silicic magma is of interest in any tectonic setting but such compositions are rare at spreading centres and so their evolution here is particularly enigmatic. Mid-ocean ridges are dominated by basalts (MORB) and proposed petrogenetic models for the occasional, more evolved magmas include fractional crystallization (e.g. Juster et al., 1989) , partial melting of altered oceanic crust (e.g. Coogan et al., 2003) or altered gabbro (e.g. Koepke et al., 2007) , and combined assimilation and fractional crystallization scenarios that incorporate a combination of these processes and components (Le Roux et al., 2006) . Significant changes in Cl/ K 2 O and d
18
O ratios have often been regarded as diagnostic tracers in such studies. For example, a recent study by Wanless et al. (2010) investigated the origins of dacites at the Juan de Fuca Ridge, eastern Galapagos spreading centre and the East Pacific Rise. These authors used increases in Cl/K 2 O ratios in conjunction with other geochemical modelling to conclude that assimilation of partial melts of altered oceanic crust was crucial to facilitating silica enrichment in magmas at these localities.
Back-arc basin basalts (BABB) dominate back-arc spreading centres, although the occurrence of andesitic rocks is not uncommon (e.g. Kent et al., 2002; Sinton et al., 2003) . This might be perceived as being in keeping with this tectonic setting, yet more evolved dacites and rhyolites are equally rare at these spreading centres (e.g. Pearce et al., 1994; Stolper & Newman, 1994; Fretzdorff et al., 2002; Caulfield et al., 2012) and their origins have not been studied in great detail. Here we present major and trace element and isotopic data for a suite of rocks sampled from a restricted segment (40 km in length) along the South East Rift in the Manus Basin, Papua New Guinea, that encompass the entire compositional continuum from basalt through andesite to dacite and rhyolite. Our interest in this study lies primarily in the causes of melt composition evolution rather than source region characteristics and melting dynamics. The latter have recently been explored in detail by Sinton et al. (2003) and Beier et al. (2010) , for the Manus Basin in general, and by Park et al. (2010) for the South East Rift in particular.
GEOLOGICAL SETTING AND SAMPLE DETAILS
The Manus Basin (Fig. 1 ) is a rapidly opening ($10 cm a À1 ), magmatically active back-arc basin associated with northward subduction of the Solomon Sea Plate ($15Á4 cm a À1 ) at the New Britain Trench ( Fig. 1 ; Tregoning, 2002; Lee & Ruellan, 2006) . The region has experienced a complex tectonic history, commencing with southward subduction of the Pacific Plate along the Manus Trench until the late Miocene (Martinez & Taylor, 1996) . At this time, the West Melanesian palaeoisland arc formed the islands of New Britain, New Ireland and the Huon Peninsula of mainland Papua New Guinea (Johnson et al., 1979) .
In Miocene times, subduction along the Manus Trench stopped as a result of the collision of the Ontong-Java Plateau with the Manus Trench (Martinez & Taylor, 1996) . This led to a reversal of subduction polarity and northward subduction of the Solomon Sea Plate along the New Britain Trench. Back-arc opening in the Bismarck Sea started at around 3Á5-4 Ma, when the Huon Peninsula and New Britain rotated after colliding with New Guinea (Taylor, 1979) . The eastward propagating arc-continent collision of the Huon-New Britain block with New Guinea led to the formation of three major left-lateral transform faults, framing a clockwise rotating Manus microplate between the NW-SE-trending Willaumez, Djaul and Weitin transform faults (Taylor et al., 1994; Martinez & Taylor, 1996; Wallace et al., 2005) . At the northern end of the Manus microplate, seafloor spreading started at <0Á78 Ma along the Extensional Transform Zone (ETZ) and the Manus Spreading Centre (MSC) with maximum spreading rates of 92 mm a À1 (Taylor et al., 1994; Martinez & Taylor, 1996; Lee & Ruellan, 2006) .
The South Rift (SR) and South East Rift (SER) in the Eastern Manus Basin (EMB) mark the southern border of the Manus microplate (Fig. 1) . The SER is characterized by pull-apart tectonics between the Djaul and Weitin transforms. Here, we focus on the neovolcanic centers along the SER, along with previously published data (Sinton et al., 2003) ; these range from sinusoidal, commonly forked ridges to solitary volcanoes or short chains of volcanoes. The ridges spread en echelon on tectonically stretched arc crust between the Djaul and Weitin transform faults. Water depths along the SER are generally shallower than 2000 m and these are given in Supplementary Data Table S1 (supplementary data are available for downloading at http://www.petrology. oxfordjournals.org).
The samples analysed were collected during R.V. Melville cruise MAGELLAN-06 in 2006 using the remotely operated vehicle Jason-2 (Woods Hole Oceanographic Institution). Sampling by Jason-2 was accompanied by detailed seafloor mapping by autonomous benthic explorer. Samples were collected in various areas of the central and eastern Manus Basin, including (from west to east) Pual Ridge, Desmos, Umbo, and SuSu Knolls (Fig. 1 ). In addition, we provide data for some new samples from the Manus Spreading Centre (Vienna Woods, Fig. 1 ), although these will not be discussed in the text.
WHOLE-ROCK ANALYTICAL TECHNIQUES
A total of 55 whole-rock samples were selected for major and trace element analysis; only fresh volcanic samples with no visible signs of alteration were used (Supplementary Data Table S1 ). For whole-rock analyses any potentially altered rims were removed prior to sample preparation. Many samples from the SuSu Knolls area contain sulfide veins along fine cracks which are commonly attributed to incipient hydrothermal alteration processes and thus samples with elevated sulfur contents were not included in this study. The samples were crushed in a steel-beaker anvil and powdered in an agate planetary ball mill.
For the mineral analyses provided in Supplementary Data Table S2 , major elements (SiO 2 , Al 2 O 3 , TiO 2 , MgO, FeO*, MnO, CaO, K 2 O, Na 2 O) and Ni and Cr in olivine xenocrysts and their spinel inclusions were measured using a JEOL JXA-8900 electron microprobe at the Institut fü r Geowissenschaften, Universitä t Kiel. The instrument was operated with a fully focused electron beam at 15 kV acceleration voltage and a beam current of 12 nA. Wollastonite, anorthite rutile, forsterite, fayalite, rhodonite, microcline, apatite, NiO and chromite were used as calibration standards.
Whole-rock major and trace elements (Cr, Ga, Ni, Sc, V, Zn) were determined by X-ray fluorescence (XRF) spectrometry using a PANalytical V R AXIOS Advanced system at the Helmholtz-Zentrum Potsdam Deutsches GeoForschungsZentrum, Potsdam. The total iron content was measured by XRF as Fe 2 O 3 and for selected representative samples from each locality the concentrations of ferrous iron was determined by titration using K 2 Cr 2 O 7 (Wilson, 1960) . Sulfur contents were determined on dried powders with a carbon sulfur LECO CS-225 instrument.
Trace element concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS) on a ThermoFinnigan Element2 at the Geo ForschungsZentrum, Potsdam and at the Institute for Geosciences, University of Bremen, respectively. Samples analysed in Bremen were digested using an acid digestion technique and an MLS Ethos microwave heating system. The sample powder ($40 mg) was mixed with a mixture of sub-boiled acids (9 ml HNO 3 65%, 2 ml HCl 32%, 3 ml HF 48%) in a Teflon beaker for the acid digestion. Final solutions were spiked with 1 ng ml À1 indium as an internal standard. As an external reference material the USGS standard BCR-2 was dissolved and measured together with the sample set. The instrument in Bremen was calibrated using a mixture of pure element standards in various dilutions. In Bremen all trace elements and La, Ce, Pr and Nd were measured in low-resolution mode; all other rare earth elements (REE) were measured in high-resolution mode. At the GeoForschungsZentrum, Potsdam 250 mg of sample powder was dissolved in 4 ml concentrated HF and 4 ml HCl-HNO 3 (3:1) using Savillex V R vials. The closed Savillex V R beakers were stored for 14 h at 160 C in a heating block. After cooling, 1 ml HClO 4 was added and the solution was dried at 180 C. Then 2 ml H 2 O and 1 ml concentrated HNO 3 were added to the residue and the solution was dried again; then 1 ml concentrated HNO 3 and 5 ml H 2 O were added and the Savillex V R vials were closed and stored at <100 C overnight. Finally the sample solutions were decanted into volumetric flasks and filled up to 50 ml with Millipore H 2 O for the ICP-MS analyses. At the GeoForschungsZentrum, Potsdam the basalt standard JB-3 was used as external reference material.
Results for international rock standards at both laboratories were within error of the preferred values (Supplementary Data Table S3 ). Duplicate samples dissolved and measured in Bremen and Potsdam are in agreement for all elements. The trace element concentrations agree within error and allow the datasets to be merged. Fig. 1 . Map of the Manus Basin using GMT (Wessel & Smith, 1991 , 1998 ) (modified after Martinez & Taylor, 2003; Pearce & Stern, 2006) . Major tectonics and the depths of Benioff zones (dashed lines) are from Cooper & Taylor (1987) . ETZ, Eastern Transform Zone; MSC, Manus Spreading Center; SER, South East Rift. Grey labels mark major structures in the Manus Basin. Localities of published MORB and BABB data are from Sinton et al. (2003) .
GLASS ANALYTICAL TECHNIQUES
Glassy fragments or pillow-rim glasses were available for 35 samples and were handpicked under a binocular microscope to select the freshest material. The glasses were analysed for major and trace elements and a subset was also analysed for Sr-Nd-Pb, O and U-Th-Ra isotopes (Tables 1 and 2 ). Chips handpicked from the crushed glasses were mounted in epoxy and diamond polished for microprobe analysis. Major elements (SiO 2 , Al 2 O 3 , TiO 2 , MgO, FeO*, MnO, CaO, K 2 O, Na 2 O) and Cl and S in volcanic glasses were measured using a JEOL JXA-8900 electron microprobe at the Institut fü r Geowissenschaften, Universitä t Kiel. Glasses were analysed with a defocused beam diameter of 10 mm at 15 kV acceleration voltage and a beam current of 12 nA. Trace elements were analysed by laser ablation (LA)-ICP-MS at the University of Bremen using a NewWave UP 193 solid-state laser combined with a Thermo Finnigan Element2 ICP-MS system. Laser spot sizes were adjusted between 50 and 100 mm, adapted to the available amount of glassy material. NIST 610, NIST 612 and BCR-2 glasses were used as reference materials. The trace element concentrations were calculated with the GeoPro V R software, using the Si contents determined by electron microprobe as an internal standard. Fe 2þ was determined on sample powders prepared from handpicked glass chips by titration at the GFZ Potsdam (Wilson, 1960) .
Strontium and Nd isotopes were analysed at Macquarie University, Sydney using $100 mg handpicked glass chips that were leached with a 1 þ 1 mixture of 2Á5N HCl and 30% H 2 O 2 for 10 min. Chemical purification followed the methods described by Heyworth et al. (2007) and Le Roux et al. (2009) , and isotope ratios were obtained by thermal ionization mass spectrometry (TIMS) using a ThermoFisher Triton system in static mode. Nd ¼ 0Á7219. Analyses of NIST SRM-987 gave 0Á710210 6 37 (2SD, n ¼ 14) and BHVO2 gave 0Á703490 6 52 (2 SD, n ¼ 15), whereas the JMC Nd standard gave 0Á511106 6 2 (2SD, n ¼ 8) and BHVO-2 yielded 0Á512967 6 6 (2SD, n ¼ 17), respectively. To be able to compare the new data with those published by Sinton et al. (2003) and Beier et al. (2010) , the new data were normalized to 0Á710250 for Sr and all Nd isotope data were normalized to 0Á511489.
Lead isotope ratios were determined at Melbourne University employing the methods described in detail by Woodhead (2002) . Hand-picked glass chips were leached for 30 min with hot 6N HCl, then washed repeatedly in ultrapure water, before digestion in Savillex beakers with HF þ HNO 3 on a hotplate. Lead was then extracted using conventional anion exchange methods in HBr-HCl media. Total procedural blanks are less than 20 pg in all cases and are considered negligible. Isotope ratios were measured by multi-collector (MC)-ICP-MS using a Nu Instruments system coupled to a CETAC Aridus desolvating nebulizer operating at a sample uptake rate of $30 mm min À1 . Instrumental mass bias was corrected using an admixed Tl solution and all analyses were normalized to the Woodhead et al. (1995) O values were determined on cleaned glass chips by laser fluorination using a 25 W Synrad CO 2 -laser and F 2 as reagent at GeoZentrum Nordbayern ( Table 2 ). The laser was operated in continuous mode and the energy was manually adjusted to allow a reaction process that was as smooth as possible and to avoid any sputtering. The general setup follows that of Sharp (1990) . Samples were prefluorinated overnight at 0Á02 bar F 2 . F 2 pressure during fluorination was 0Á1 bar. The released oxygen was cleaned using one heated NaCl and two LN 2 traps. The isotopic composition of oxygen was analysed on a ThermoFisher Delta Plus mass spectrometer. During each measurement day, four standard samples (UWG-2, NBS-30) were measured together with the unknowns. The d
18 O raw values were corrected by the mean difference of the reference values from the standards (5Á8 and 5Á1%, respectively). All oxygen isotope values are given in per mil relative to V-SMOW. Reproducibility of 10 replicate samples measured in the same time period, which would include analytical error as well as sample heterogeneity and impurity, varied between 0Á02 and 0Á07% (1r; mean 0Á06% 1r). Long-term reproducibility of the UWG-2 garnet standard obtained during this study was 5Á84 6 0Á07% (1r, n ¼ 29). The mean 1r of our glass replicates varies between 0Á06 and 0Á28; the mean 2r is 0Á28. Thus the lowest and highest d
18 O values of our samples do not overlap within their errors.
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The Ra analysis procedure followed that used by Turner et al. (2000) . Radium was taken from the first elution from the anionic column and converted to chloride using 6N HCl. This was then loaded in 3N HCl onto an 8 ml cationic column and Ra was eluted using 3Á75M HNO 3 , and the process was repeated on a scaled-down, 0Á6 ml column. The REE were then removed using a 150 ml column of ElChrom Ln-spec resin and 0Á1N HNO 3 . Radium and Ba were finally chromatographically separated using ElChrom Sr-spec resin and 3N HNO 3 as the elutant in a 150 ml procedure. Samples were loaded onto degassed Re filaments using a Ta-HF-H 3 PO 4 activator solution (Birck, 1986) Ra ratios were measured to a precision typically $0Á5% in dynamic ion counting mode on a ThermoFinnigan Triton TIMS system. Organic interferences are often noted at low temperatures during TIMS analysis for Ra but were limited here by fitting a dry scroll pump instead of the standard rotary pump. This restricts leakage of organic molecules into the source during venting. Accuracy was assessed via replicate analyses (n ¼ 5) of TML-3 that yielded 226 Ra ¼ 3532 fg g
À1
and ( 226 Ra/ 230 Th) ¼ 1Á02, which is within error of secular equilibrium (see also Beier et al., 2010) . Eruption ages are unknown so no age correction was applied to the U-series data.
PETROGRAPHY
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Samples from Pual Ridge at the SER are mostly aphyric, aphanitic to microcrystalline, andesites to dacites, and frequently have glassy rims. They are characterized by a moderate vesicularity (5-20% vesicles) and elongated vesicles. The samples contain sparse phenocrysts (<5%) of plagioclase, clinopyroxene, orthopyroxene and Fe-Ti oxides.
Samples from SuSu Knolls (SER) are highly porphyritic (15-20%) andesites to dacites and contain numerous large plagioclase and pyroxene phenocrysts embedded in a fine matrix of glass with pyroxene and feldspar microlites. Large glomeroporphyritic aggregates of plagioclase, pyroxene and Fe-Ti oxides are abundant in these samples. Some samples from SuSu Knolls contain olivine (Fo 92-94 ) phenocrysts (Supplementary Data Table S2 ), which are separated from the microlite-rich rhyolitic glass by narrow (<10 mm) hypersthene rims.
Samples from Desmos (SER) are highly vesicular (>30%), mostly aphyric basaltic andesites with a few larger phenocrysts (<2% up to 2 mm in size) of plagioclase, clinopyroxene and olivine. Euhedral plagioclase and anhedral pyroxene are embedded in a glassy matrix containing microlites of clinopyroxene and lath-like plagioclase. Pillow lavas sampled at Umbo in the SER are highly vesicular (>40% vesicles by volume) and porphyritic (>20%), containing numerous large olivine phenocrysts (>500 mm) and minor clinopyroxene and rare plagioclase in a glassy matrix. Olivine phenocrysts are zoned, with Fo-rich cores (Fo 94 ) and more ferroan rims (Fo 87 ). Chromium-spinel inclusions (Cr# up to 86) are abundant in the Fo-rich olivine cores but are absent in the rims (Supplementary Data Table S2 ). The pillow rim glasses contain smaller phenocrysts (<100 mm) of olivine (Fo 87 ) and clinopyroxene. In agreement with previous studies (Kamenetsky et al., 2001; Sinton et al., 2003; Park et al., 2010) , we did not observe any evidence for amphibole or mica in any of the Manus Basin lavas. Rhyolite compositions are exclusively glasses and no whole-rock with a rhyolitic composition has been sampled.
GEOCHEMICAL RESULTS
Major and trace element concentrations for the glasses are presented in Table 1 and the isotope data in Table 2 . Because our main interest here concerns the liquid line of descent we restrict the majority of the remaining discussion to the data obtained from the glasses where the effects of crystal accumulation can be assumed to be negligible. However, the major and trace element data for the whole-rocks are included in Supplementary Data Table S1 for comparison with other studies using whole-rock data.
Major elements
In our SER glasses, SiO 2 ranges from 50 to 75 wt %, over which range MgO decreases from 6Á9 to 0Á1 wt %. Mg# values in the most mafic basalts are $0Á7. Figure 2 shows that these changes are accompanied by decreases in Al 2 O 3 and CaO from 16 to 12 wt % and from 12 to 1 wt %, respectively, whereas total alkalis increase from 2Á5 to 6Á5 wt %. On a total alkalis versus silica diagram there is a continuum from basalt through basaltic andesite, andesite and dacite to rhyolite (Fig. 2a) . TiO 2 shows a marked inflection, increasing from 0Á4 to 1 wt % across the range 50-63 wt % SiO 2 and then decreases again to 0Á4 wt % by the time SiO 2 ¼ 75 wt % (Fig. 2b) . On the basis of this observation it is probable that FeO tot undergoes a similar break in slope, but this is not well captured by the available glass data (see Fig. 2d ). However, the whole-rock data show that FeO tot contents begin to decrease after $60 wt % SiO 2 (Supplementary Data Table S1 ). As illustrated by comparison with the grey fields outlined in Fig. 2 , these major element trends are consistent with published data from the EMB.
Trace elements
Compatible trace elements such as Cr have relatively low concentrations in the glasses, ranging from 100 to <1 ppm. This highlights that Cr and Ni concentrations of 1240 and 550 ppm, respectively, in the whole-rock analyses of the same samples (Supplementary Data  Table S1 ) primarily reflect the presence of olivine and pyroxene phenocrysts. As shown in Fig. 3 , incompatible trace element concentrations all increase with increasing SiO 2 , whereas Sr undergoes an initial increase in concentration from 380 to 500 ppm followed by a decrease to $300 ppm. Although these trends broadly mirror those of Park et al. (2010) , there are subtle differences between our glass data and their wholerock data. For example, the increase in the Cl and Nb contents of our SER glasses is less pronounced than in the Park et al. (2010) whole-rock data. In detail, our Susu Knolls glasses also show less pronounced increases in Cl, Nb and Yb versus SiO 2 than do the Pual Ridge and Susu Knolls samples (Fig. 3) . Figure 4 is a MORB-normalized incompatible trace element diagram showing that the patterns of a mafic and a silicic SER sample are essentially parallel and have strong BABB signatures with elevated concentrations of large ion lithophile elements (LILE) and depleted high field strength element (HFSE) concentrations relative to the REE. Indeed, all of the SER samples are classified as BABB using the criteria of Sinton et al. (2003) and Beier et al. (2010) , and are markedly different from MORB samples found along the Manus Spreading Centre further to the north (see Fig. 4 ).
Isotope data
Selected glasses were analysed for radiogenic, radioactive and stable isotopes (Figs 5-7 Pb/ 204 Pb are in the range of 18Á756-18Á766, 15Á531-15Á532 and 38Á349-38Á360, respectively. These data are plotted in Fig. 5 , which shows that they essentially overlap the fields for published data (Park et al., 2010) . The most data were obtained for the Sr isotope system but there is no clear correlation between 87 Sr/ 86 Sr and SiO 2 (Fig. 7a) . The new U-Th-Ra disequilibria data are shown in (Sun et al., 2007; Park et al., 2010) from the Eastern Manus Basin (EMB). Superimposed are curves for the results of rhyolite-MELTS models (Gualda et al., 2012) run at a range of pressures and H 2 O contents (see text for details). Tick marks indicate 10% increments of crystallization from 10 to 80%.
isochron diagram the majority of the samples lie to the right of the equiline with 5-23% Th) ratios must be considered as minima. One Pual sample that is within error of 230 Th-238 U secular equilibrium and two that lie to the other side of the equiline with small (2-6%) 230 Th excesses fall outside the fields for the published data in Fig. 6 Th) with SiO 2 content (Fig. 7b and c) .
Oxygen isotopes are highly sensitive to assimilation of materials that have undergone low-temperature fractionation but far less sensitive to the small amounts of subducted components added to the source of arc-related magmas (e.g. Eiler et al., 2000a Eiler et al., , 2000b . For the SER basalts, the O isotope data exhibit a moderately large range in d
18
O from 5Á72 to 6Á47% (Table 2 ) and these ratios systematically increase between 50 and 70 wt % SiO 2 (Fig. 7d) , after which they remain relatively constant. The range is smaller than observed by Macpherson et al. (2000) for samples mainly located further north in the Manus Basin (d 18 O ¼ 5Á28-6Á68%) where there may be a plume influence.
PETROGENESIS
As stated in the introduction, it is not our purpose here to discuss source composition variations in any detail and we accept previously published arguments that the entirety of the Manus Basin is polluted by a single component containing contributions from both subducted sediments and fluids from altered oceanic crust (Sinton (Sun et al., 2007; Park et al., 2010) from the Eastern Manus Basin (EMB). Superimposed are fractional crystallization curves that combine the SiO 2 results of the 0Á2 GPa, 1% H 2 O MELTS model with Rayleigh crystal fractionation calculations (see text for details). Tick marks indicate 10% increments of crystallization from 10 to 80%. The amphibolite melting curves on the plots for La and Yb are from Brophy (2009 Brophy ( ). et al., 2003 Sun et al., 2007; Beier et al., 2010; Park et al., 2010) . The overlap of our new Sr-Nd-Pb data with those from the previous studies (Fig. 5 ) is entirely consistent with this and we assume that similar H 2 O contents to those measured by Sinton et al. (2003) and Shaw et al. (2004) are applicable to the SER BABB.
One feature of our present dataset is that there are at least two distinct trends on a plot of Ba versus Yb (Fig. 8) and that the main distinction between these groups of samples is in Yb not Ba, as evidenced by two populations distinct in their Yb concentrations (Fig. 3f) . This permits models in which there is variable addition of the slab-derived components to a mantle that was variably depleted. From a U-series perspective there is no reason arising from our new data not to adopt the model of Beier et al. (2010) in which the 238 U excesses are attributed largely to decompression melting of oxidized mantle (approximately quartz-fayalite-magnetite; QFM) in which U is significantly more incompatible than Th.
In summary, although the trace element and isotope data require variations in relative contributions of source components, the magnitudes of those variations are insufficient to demand that there was much variation in melting conditions and, by implication, the major element compositions of the parental magmas. Accordingly, in the following sections, we explore models to explain the extended compositional range of the SER samples assuming a broadly similar parental magma in terms of major and, to a lesser extent, trace element concentrations. We begin with closed-system fractional crystallization and then assess evidence for partial melting of either altered oceanic crust or gabbros in the crust the magmas traversed. Thermally linked models that combine fractional crystallization with assimilation of either of those components are also explored along with the timescale implications from the U-series isotopes.
Fractional crystallization
The combination of the restricted sampling region and the coherent, curvilinear major and trace element arrays (Figs 2-4) supports the likelihood of a broadly similar liquid line of descent for the SER glasses. Under Pb showing the new South East Rift glass data relative to fields for published data (Sinton et al., 2003; Beier et al., 2010; Park et al., 2010) . It should be noted that the anomalous sample with the highest 87 Sr/ 86 Sr ratio (0Á7047) has probably experienced seawater contamination and was not analysed for 143 Nd/ 144 Nd and Pb isotopes. these circumstances, the simplest mechanism to explain the extended compositional range of the glasses is closed-system fractional crystallization. We have used 5
C steps in rhyolite-MELTS (Gualda et al., 2012) to simulate this using one of the basalts (J2-228-2-R1) as the parental melt (see Table 3 for summary details). The measured Fe 2þ /Fe tot ratio was used to constrain the oxygen fugacity and this corresponds to $QFM, consistent with the back-arc setting and previous work (Sinton et al., 2003; Beier et al., 2010) . The remaining key variables are pressure and H 2 O content, and we conducted multiple runs varying these two parameters, the results of which are shown in Fig. 2 . As can be seen, pressures around 0Á2 GPa and relatively low H 2 O contents of $1 wt % provide the best simulation of the combined major element data. This pressure corresponds to the base of the crust at a spreading centre (see Wanless & Shaw, 2012) and is consistent with recent geophysical observations for the location of magma chambers (e.g. Crawford et al., 1999) . The H 2 O contents are consistent with measured H 2 O contents in basalts elsewhere in the Manus Basin (Sinton et al., 2003; Shaw et al., 2004; Sun et al., 2007) .
In detail, rhyolite-MELTS models under these conditions result in small initial increases in FeO and Al 2 O 3 , followed by decreases with increasing SiO 2 that are not observed in the available glass data (Fig. 2c and d) . (2010) . N-MORB range in Fig. 7d from Eiler et al. (2000b (Beier et al., 2010) .
However, this is probably a reflection of the limited number of glasses analysed across this SiO 2 range and the whole-rock data suggest that such inflections do in fact occur in these lavas (Supplementary Data Table  S1 ). The other major elements are well modelled and it is clear from the FeO, Al 2 O 3 and CaO trends that high or lower H 2 O contents result in major inflections for these elements that are not evident in the data (see Fig. 2 ). After 70 wt % SiO 2 was reached rhyolite-MELTS predicted subsequent decreases in SiO 2 that seem highly improbable and so we display only the MELTS results up to 70 wt % SiO 2 .
To assess further the efficacy of closed-system fractional crystallization to explain the data we also performed trace element modelling. We assumed a Rayleigh fractionation model and the phase proportions from the 0Á2 GPa, 1 wt % H 2 O rhyolite-MELTS model in 5 wt % SiO 2 increments (see Table 3 ). As detailed in Table 3 , the extracted mineral assemblage is dominated by plagioclase and clinopyroxene in different proportions throughout and for these we used partition coefficients from the compilation of Halliday et al. (1995) . All other mineral modes (i.e. olivine, orthopyroxene and magnetite) were <2-6% and thus insignificant for the trace elements we chose to model. The results are plotted in Fig. 3 and show that the model simulates the data reasonably well for most incompatible elements. That these results are not as satisfactory as for the major elements (see Fig. 2 ) probably reflects subtle variations in the trace element composition of the parental magmas consistent with the variations in radiogenic isotopes (Fig. 5) . It should be noted that the Cl model is from rhyolite-MELTS, which provides a close match to the data (Fig. 3a ). An inflection owing to an increase in the proportion of plagioclase in the fractionating assemblage at 57 wt % SiO 2 is most apparent in the models for Sr, Nb, Ba and Yb (see Fig. 3 ). This does a good job of simulating the Nb data for the Umbo glasses but is not apparent in the glass data for Sr and Yb; this may reflect the choice of partition coefficients used.
Partial melting of altered oceanic crust or gabbro
Although the fractional crystallization modelling provides a reasonable fit to the glass data, there are some mismatches and a number of workers have used observational and/or experimental data to suggest that silicic lavas at spreading centres derive from melting of altered oceanic crust or gabbro (e.g. Coogan et al., 2003; Koepke et al., 2007) . In the case of our SER glasses, the d 18 O (5Á72-6Á47%) data overlap other data from the Manus Basin, being similar to or slightly higher than values for pristine MORB glasses (Eiler et al., 2000b; Eiler, 2001 Sr $ 0Á7045 (e.g. Bach et al., 2003) , which, with the exception of sample J2-222-9-R2, is significantly higher than values for any of the SER glasses (Table 2) , and there is no correlation between SiO 2 and 87 Sr/ 86 Sr (Fig. 7a) . Brophy (2009) has shown that partial melting of altered (i.e. amphibole-bearing) mafic lithologies results in silicic melts with low La and Yb concentrations and trends that decrease with increasing SiO 2 owing to the formation of clinopyroxene 6 garnet by peritectic reactions during the breakdown of amphibole. Calculated partial melting curves from Brophy (2009) for La and Yb are shown in Fig. 3e and f and clearly do not replicate either the elevated concentrations of these elements or their positively sloped trends against SiO 2 . Therefore, we discount partial melting models for the origin of the silicic SER lavas.
Assimilation and fractional crystallization
Although we have ruled out direct partial melting of altered crust as an origin for the silicic SER lavas, it is possible that fractional crystallization was accompanied by assimilation of these lithologies (i.e. AFC; DePaolo, 1981) Indeed, this was the preferred model of Wanless et al. (2010) for silicic lavas found at several mid-ocean spreading centres. The latter authors used marked increases in Cl/K along with oxygen isotopes as their primary evidence for AFC of altered crust; however, in the case of the SER glasses closed-system fractional crystallization models can readily simulate both K (not shown but implicit in Fig. 2a) and Cl (Fig. 3a) and thus Cl/K (Fig. 9) .
In principle, the increase in d 18 O with increasing degree of differentiation in the SER glasses could be attributed to an AFC process involving altered crust. However, as shown by the fractionation curve in Fig. 10a, this closed-system fractionation (see Eiler, 2001 ). Nevertheless, to test open-system processes further we conducted energy-constrained AFC calculations using the formulation of Spera & Bohrson (2001) . For completeness, both altered crust and gabbro were considered using the partition coefficients from Kent et al., 2002; Faure & Mensing, 2004; Sun et al., 2007) . The results of these models are shown in Fig. 10b and c. As can be seen, both models lead to strongly coupled variations between d
18 O and Cl/K and 87 Sr/ 86 Sr whereas the SER glasses show no coupling of these indices and are not simulated by the model trends. Accordingly, we conclude that there is no compelling evidence for a significant role for AFC in our data.
U-series isotope implications
The U-series data largely overlap the previously published data of Beier et al. (2010) and include both 230 Th and 238 U excesses. Following Beier et al. (2010) , we explain this by melting of mantle having variable oxidation states. This changes the oxidation state of U, such that U can be either more or less compatible than Th during melting (Lundstrom et al., 1994) resulting in 238 U or 230 Th excesses, respectively. The age of the samples is unknown; the 226 Ra excesses represent minima and this limits the amount of information that can be derived from these data. Nevertheless, most models for Ra-Th disequilibria in mantle-derived magmas attribute the disequilibria to melting processes and/or fluid addition [see Turner et al. (2003) for a review]. Therefore, the preservation of 226 Ra excess in every SER glass analysed, irrespective of its silica content (see Fig. 7c ), suggests that magmatic evolution, whether by closed-system fractionation or AFC, must have occurred in less than a few millennia. This requires relatively rapid cooling, which is most likely to occur in relatively small and shallow magma bodies (e.g. Dosseto & Turner, 2010) , consistent with the evidence from the MELTS modelling for a lowpressure liquid line of descent.
CONCLUDING REMARKS
A number of hypotheses have been advanced to explain the (rare) occurrence of silicic lavas at spreading centres. Although the back-arc setting has greater complexity (especially in incompatible trace elements, radiogenic isotopes and H 2 O content) than mid-ocean ridges, many aspects pertaining to magmatic evolution should be similar. In our case of the South East Rift in the Manus Basin it would appear that closed-system fractional crystallization is adequate to explain the majority of the geochemical observations. If some assimilation of altered oceanic crust does accompany this fractional crystallization then it would appear that the amount of assimilant added is very small and unlikely to be the main driver of evolution to high-silica compositions. Moreover, because there are Ra disequilibria in all samples analysed this must have occurred in less than a few millennia. The outstanding question is why there is such an extended range of compositions here, unlike other spreading centres in the Manus Basin or elsewhere in general. The bathymetry in the SER is relatively shallow (1200-2100 m), suggesting relatively thick crust (e.g. Klein & Langmuir, 1987) ; we hypothesize that this might be conducive to rapid cooling, in which case a lower magma supply rate would favour evolution to highly differentiated compositions (Dosseto & Turner, 87 Sr/ 86 Sr. Also shown in (a) is the range of fresh MORB glasses (Eiler et al., 2000b) and a calculated, closed-system fractionation curve (87% crystallization in total) from Juster et al. (1989) . Shown in (b) and (c) are the results of energy-constrained assimilation and fractional crystallization (EC-AFC) models following Spera & Bohrson (2001) using input parameters as detailed in the text.
